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Water Supply in Singapore 
Imported water  
 
Catchment water 
 
NEWater 
Seawater 
desalination 
• Desalination is expected to account for 30% of Singapore’s 
water demand in 2060.  
• By 2060, NEWater is expected to meet up to 55% of Singapore's future 
water demand. 
Energy Use for Desalination 
Theoretically,  ~ 0.86 kWh of energy is needed to desalinate 1 m3 of salt 
water (34,500 ppm). 
  MSF MED RO 
 
Typical unit size m3 d-1 50,000 - 70,000 5,000 - 15,000 24,000 
Electrical Energy 
Consumption kWh m-3 
4 – 6 1.5 – 2.5 3 – 5.5 
Thermal Energy 
Consumption kJ kg -1 
190 (GOR 
=12.2) – 390 
(GOR =6) 
230 (GOR =10) – 390 
(GOR =6) 
None 
Electrical Equivalent for 
Thermal Energy kWh m-3 
9.5 – 19.5 5 – 8.5 None 
Total Equivalent Energy 
Consumption kWh m-3 
13.5 - 25.5 6.5 - 11 3  - 3.5 (Up to 7 
with Boron 
treatment) 
http://www.desware.net/desa4.aspx 
MSF:  Multi-Stage-Flash; MED: Multi-Effect-Distillation  
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“…….. the various membrane 
technologies still need to be 
significantly improved in terms of 
separation properties, energy demand 
and costs.” 
 
“………advances in material science 
and novel chemistries are leading to 
increasingly effective membranes.” 
 
“………developments in membranes 
must be matched by improved device 
design and membrane engineering”. 
How to Improve Membrane Technologies? 
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Nature has developed a most efficient way for water transport across an 
osmotic pressure gradient via aquaporin (AQP) proteins.  
 
The aquaporins or water channel proteins, typically bound in phospholipid 
cellular membranes, are highly permeable to water but highly retentive to 
solutes.  
The picture of kidney is downloaded from: http://www.dreamstime.com/royalty-
free-stock-photography-kidney-image10578497 
Aquaporin –Water Channel Proteins 
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What Benefits will it Bring to Water Purification? 
AQPs for water transport and salt rejection 
Support structure 
 Key advantages of AQP biomimetic membranes 
 
 improved permeability 
 improved selectivity 
 reduced energy consumption and operating cost 
 improved product water quality  
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Integrating aquaporins (AQPs) into membranes  
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(Freger 2009) 
(Wang ,et al., 2011) 
(1) Vesicle Fusion 
Challenge: 
 
• Difficult to obtain a defect-free  
large area membrane (membranes 
had low salt rejection) 
 
Kaufman, Y., et al. Langmuir, 2010, 26 (10), pp 7388–7395  
Wang, H.L., et al., Soft Matter, 2011. 7(16): p. 7274-7280. 
Li, X., et al., Colloids and Surfaces B: Biointerfaces, 2012. 94(0): p. 333-340. 
Wang, H., et al., Small, 2012. 8(8): p. 1185-1190. 
Zhong, P.S., et al., Journal of Membrane Science, 2012. 407–408(0): p. 27-33. 
Duong, P.H.H., et al., Journal of Membrane Science, 2012. 409–410(0): p. 34-43. 
 
 
NF substrate 
UF/MF substrate 
(1) Vesicle fusion 
• Vesicle fusion on NF 270 membrane modified  by spin coating (cushion layer) 
• Vesicle fusion directly onto NF 270 membrane.( based on ref 1)  
NF 270 membrane 
NF 270 membrane 
Spin coating 
Vesicle fusion 
Vesicle fusion with suction 
1. Kaufman, Y., Berman, A., and Freger, V. (2010) Supported Lipid Bilayer Membranes for Water 
Purification by Reverse Osmosis, Langmuir 26, 7388-7395. 
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Challenges:  
• Defects! 
• Aquaporin is sensitive to in-vitro environment (lose its activity)  
Li, X., et al., Colloids and Surfaces B: Biointerfaces, 2012. 94(0): p. 333-340. 
Asymmetric 
membrane 
(2) Pore loading method  
 
Vesicles loaded into micron-sized pores of NF substrate to form 
transport layer  
Challenge: 
 
Low water flux and high salt flux because of defects 
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(3) Vesicle Deposition 
Challenges: 
 
• Difficult to fully seal the gap between vesicles; 
• Difficult to scale up (membrane area is 0.07~0.8 cm2)  
 
 
Related publications: 
Sun, G., et al., Colloids and Surfaces B: Biointerfaces, 2013. 102(0): p. 466-471. 
Sun, G., et al., RSC Advances, 2013. 3(2): p. 473-481. 
Wang, H.L., et al., Journal of Membrane Science, 2013. 434(0): p. 130-136. 
Xie, W., et al., Journal of Materials Chemistry A, 2013. 1(26): p. 7592-7600. 
 
 
 
 
 
Wang, H.L., et al., Journal of Membrane Science, 2013. 
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(4) Vesicle Embedment via Crosslinking 
Li, X., et al., Journal of Membrane Science, 2014. 450(0): p. 181-188. 
PDA coating Deposition 
Branched PEI  
Crosslinking 
Aquaporin Z 
Proteoliposome 
           PAI membrane 
through crosslinking of a polyelectrolyte with the membrane substrate  
made by poly(amide-imde) (PAI).  
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Embedding AQPs into the polyamide 
layer via interfacial Polymerization  
(5) Vesicle Embedment via Interfacial Polymerization 
Zhao Y, et.al., JMS, 423–424 (2012) 422-428 
SMTC’s invention! 
 
It works! 
Interfacially Polymerized Polyamide Thin Film 
Incorporated with AQP Vesicles  
Trimesoly Chloride (TMC) 
(2) Contact with TMC/hexane solution 
(3) React at interface Cross-linked network structure 
1,3-Diaminobenzene (MPD) 
(1) Contact with amine solution 
AQP 
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JMS, 423–424 (2012) 422-428 
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Water permeability (~4 L/m2.h.bar);  
NaCl rejection (~97%) at 5 bar.   
It can withstand > 10 bar.  
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AQP-based RO Membranes  
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Aquaporins–Based Hollow Fiber Membranes 
XS Li, R. Wang, et al. JMS 494 (2015) 68  
18 
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 Can aquaporin-based membranes (ABMs) improve filtration 
performance? 
 
  Does the aquaporin play the role in enhancing the performance?  
 
  Are the ABMs stable under elevated pressures? 
 
 Are the ABMs stable at elevated temperatures? 
 
  Can the ABMs withstand chemical washing? 
 
 What is the long-term performance of ABMs for real applications? 
  
 How expensive of ABMs? 
 
Enquires  
Low Pressure RO Test (5 bar) of ABM 
hollow fibers 
Water flux and salt rejection of AQP membrane and commercial RO membrane.  
(Test conditions: 5 bar with a 500 ppm NaCl solution) 
 
BW 30 
Hollow fibre membrane with 
AQPs 
20 
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Size 
(nm) 
PDI K 
(s-1) 
E.Coli lipid 170 0.198 18 
Proteoliposomes 96.49 0.198 200 
proteoliposomes 
(mutant) 
94.7 0.145 14 
 
Membrane type 
A  
(LMH/bar) 
B  
(LMH) 
R  
(%) 
    ABM-0 2.68±0.39 1.00±0.58 96.5±1.7 
    ABM-L 2.54±0.72 1.77±0.60 93.5±1.0 
    ABM-M 2.79±0.83 0.93±0.19 96.7±0.3 
    ABM-P      4.13±0.40 1.17±0.27 97.2±0.6 
    BW30 2.83±0.04 0.79±0.13 97.3±0.4 
• The error bar is based on at least five independent membrane.  
• The feed solution is 10 mM NaCl at 25ºC under 10 bars.  
• Before measuring the performance, all the membranes were compacted at least two hours. 
         Separation Properties of Different Flat Sheet Membranes  
Forward Osmosis Performance of Hollow Fibers 
Draw solution: 0.5 M NaCl; feed solution: pure water; 
temperature: 23ºC  
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Highly permeable selective layer  
(high water permeability) 
Highly porous support layer (low 
structural parameter) 
 
 
 
100 LMH water flux.  
The  highest  flux  
among all reported  FO 
membranes. 
(1M NaCl as draw, 
water as feed, AL-DS)  
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Membrane Type DS Water flux 
(LMH) 
(FO/PRO) 
Salt reverse 
flux (gMH) 
(FO/PRO) 
Js/Jv (g/L) 
(FO/PRO) 
Area 
(cm2)  
Ref. 
Hollow Fiber FO membranes 
 
AQP-TFC-HF-PEI 0.5 M NaCl  24.9/73.6 2.6/8.4 0.10/0.11 29  SMTC work 
AQP-TFC-HF-PEI 1M NaCl  32.8/100.1 3.2/11.7 0.10/0.12 29  SMTC work 
AQP-TFC-HF-PEI 2 M NaCl 39.1/119.4 4.3/16.9 0.11/0.14 29  SMTC work 
 
TFC-HF-PES 2 M NaCl 34.5/65.1 9.9/12.3 0.29/0.14 15.1 (1) 
TFC-HF-PES 0.5 M NaCl 16.7/49.4 1.2/3.9 0.072/0.079 - (2) 
TFC-HF-PPSU 0.5 M NaCl 22.5/49.4 5.5/11.0 0.24/0.22 20 (3) 
TFC-HF-PES 0.5 M NaCl - /42.6       - /4.0 - /0.094 - (4) 
HF-PES (LbL) 0.5 M NaCl - /38.4 - /3.8 - /0.1 - (5) 
Flat Sheet FO membranes 
TFCt-CAP 1 M NaCl 56.9/89.5 7.8/10.8 0.14/0.12 - (6) 
Thin Film Inorganic 2 M NaCl 60/58 10.8/10.4 0.18/0.18 7.1 (7) 
TFC-sPPSU 2 M NaCl 48/54 7.6/8.8 0.16/0.16 - (8) 
TFC-Polyketone- 0.6 M NaCl 29.3/41.5 3.8/4.8 0.13/0.12 42  (9) 
References : 
1. P. Sukitpaneenit, T.S. Chung, Environ. Sci. Technol. (2012) 46, 7358−7365. 
2.L. Shi et al., Journal of Membrane Science ,382 (2011)116–123. 
3.P. Zhong, X. Fu, T.S. Chung, Environ. Sci. Technol. (2013) 47, 7430−7436. 
4. S. Chou, Desalination, 261 (2010) 365–372. 
5. W. Fang et al., Journal of Membrane Science 492 (2015) 147–155. 
6. R.C. Ong et al., Journal of Membrane Science 473 (2015) 63–71. 
7. S. You et.al, Environ. Sci. Technol. (2013) 47, 8733−8742. 
8 N. Widjojo et.al., Chemical Engineering Journal 220 (2013) 15–23. 
9. M. Yasukawa et al., Journal of Membrane Science 487 (2015) 51–59. 
Comparison of FO Membrane Performance 
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Mechanical Strength Enhancement of ABM (Flat Sheet) 
Surface of substrate 
Cross-section of substrate Cross-section of ABM-0 Cross-section of ABM-P 
Surface of ABM-0 Surface of ABM-P 
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(a) Normalized A value, (b) normalized R 
value and (c) normalized B value of 
ABM-P membrane and ABM-0 
membrane at different temperatures. 
Testing conditions: The membranes were 
tested under 10 bars with 10 mM NaCl as 
feed solution. 
Temperature Stability of the ABM (Flat Sheet) 
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Saren Qi, Rong Wang, et al., JMS, 508 
(2016) 94-103   
27 
Normalized water permeability (A) and rejection (R) of ABM-P membrane and ABM-0 
membrane after soaking with EDTA (Ethylenediaminetetraacetic acid), acid solution (citric acid 
solution) and base solution (NaOH solution) for 3 hours.  
Testing conditions: The membranes were tested under the 10 bars with 10 mM  
NaCl as feed solution.  
              Chemical Stability of ABM (Flat Sheet) 
 EDTA citric acid NaOH
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Saren Qi, Rong Wang, et al., JMS, 508 
(2016) 94-103   
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Testing conditions: real wastewater as feed solution, cross-flow rate is 10 cm/s and applied 
pressure from around 50 to 150 psi at 28± 1ºC.  
6th cleaning 7th cleaning 
After the lab power was abnormally shut down for 2 days, the system was restarted, and fluctuated flux 
was observed.  After the 7th cleaning, the membrane performance can be recovered. 
Plant 1 Plant 2 
 The long-term Performance of ABM (Flat Sheet) Using Real 
Waste Water as Feed Solution 
Saren Qi, Rong Wang, et al., JMS, 508 
(2016) 94-103   
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1st cleaning 
2nd cleaning 
3rd cleaning 
4th cleaning 
5th cleaning 
0 10 20 30 40 50 60 70 80 90 100
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 ABM-P(1)
 ABM-P(2)
 BW30
R
 (
%
)
No. of days (d)
b
Recovery rate (%) 
Membrane 1st  2nd  3rd  4th  5th  6th  7th  
ABM-P(1) 95.5 94.9 96.3 94.8 94.7 94.7 91.1 
ABM-P(2) 94.8 92.3 91.3 93.3 91.2 94.1 90.1 
BW30 82.3 76.9 77.7 78.7 76.9 81.2 80.2 
Cleaning process: Adjust the pH to around 3.5 with the 1 M citric acid solution for washing 3 hours and 
then adjust the pH to around 10.5 with the 1 M NaOH solution for washing another 3 hours.    
6th cleaning 7th cleaning 
Continued 
 Rejection and Recovery Rate after Membrane Cleaning 
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Overview of ABM membrane performance using real wastewater as feed 
During the 400+ days 
testing, all the membranes 
were experienced 13 times 
cleaning, 5 times abnormal 
power shut shown and two 
types of feed waters 
 
The ABM-P(2) was found a 
lower rejection from 350 
days operation.  It may 
indicate the degradation of 
the membrane happened 
due to many times cleaning 
and long time operation. 
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Feed/Permeate Conductivity (µs/cm) TOC (ppm) 
Feed water (plant 1) 526±62 10.00±5.13 
ABM-P(1) 24.7±2.8 0.39±0.22 
ABM-P(2) 26.9±4.3 0.32±0.19 
BW30 9.5±2.1 0.37±0.27 
Feed/Permeate Conductivity (µs/cm) TOC (ppm) 
Feed water (plant 2) 815.7±42.3 12.81±0.54 
ABM-P(1) 42.2±10.0 0.53±0.19 
ABM-P(2) 42.9±9.6 0.50±0.27 
BW30 12.3±2.8 0.73±0.13 
Water Quality of Feed and Permeate 
         NEWater standard                        < 250                              <0.5 
Saren Qi, Rong Wang, et al., JMS, 508 (2016) 94-103   
Conclusions 
AQP-based biomimetic membranes have been 
successfully developed.  
These membranes possess excellent performance 
with significant improved water permeation. 
The introduction of AQPs into membranes didn’t 
result in the increment of salt permeability 
AQP-based biomimetic membranes have potential 
to reduce energy cost for water treatments.  
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